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Abstract— In 1991, a game changing technique was introduced 
into the metal joining community. Patented in 1991 by The 
Welding Institute, the Friction Stir Welding (FSW) process has 
since transformed the way metal joining is being done. Since 
then, many industries have come to embrace the new joining 
technology due to its ease of operation and other numerous 
advantages it offers. Aside from the ease with which it is 
employed to join similar metals, FSW provides a way of 
joining dissimilar metals at the microstructural level without 
some of the problems that traditional metal joining 
technologies (especially fusion welding) encounter. 
As metals of choice in the engineering community due to their 
numerous advantages, a lot of attention have been given to 
both aluminium and copper by the research community. FSW 
has been used extensively to join both metals individually 
without much difficulties. Both metals have also been 
successfully joined together using the butt welding 
configuration. However, little successes have been recorded for 
the lap welding of both metals using the FSW technology. 
Research has shown that the relationship between the input 
and output processing parameters influence the quality of the 
produced welds. The choice of tool geometry, tool design, tool 
pin as well as the tool shoulder profile have been shown to be 
important in determining the weld quality. However, the 
effects of the forces of the welding tool on the quality of 
Friction Stir Welds have not been fully understood. 
This present work reports the relationship between the forces 
of the tool during welding on the quality of the produced welds 
during the Friction Stir Lap Welding of 3 mm plates of 
aluminium and copper. While the welds produced were 
fraught with defects, it is observed that the force of the tool 
was proportional to the size of the defect produced in the 
welds. The weld data from the FSW machine was used in 
determining this relationship while the produced weld 
integrities were tested for microstructure and the results are 
reported and discussed. 
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I.  INTRODUCTION 
Once patented in 1991 by The Welding Institute, the 
knowledge of FSW became available to the research 
community. FSW provided a window in which previously 
nearly impossible welds could be more easily welded with 
much better results than previously obtained with earlier 
technologies. FSW is done by plunging a rotating tool into 
the materials to be welded and then moving along the weld 
line through the metals with the rotating tool. The rotating 
action of the tool results in the plasticization of the metals to 
be welded and mixing of both metals together at the granular 
level resulting in welds with improved qualities compared 
with the traditional fusion welding technique. 
With lots of successes experienced at the early stages in 
the butt welding of similar aluminium alloys, the frontiers of 
research has since moved to the dissimilar joining of metals 
over the years [1,2,3]. However, varying degress of 
successes have been experienced with dissimilar metal 
joining using FSW including joining of aluminium with 
brass, aluminium with titanium and most recently, 
aluminium with copper. The butt weld configuration has 
seen more successes than the lap weld configuration. While 
successes have been far inbetween in the lap welding of 
aluminium and copper [4,5], not a lot of literature is 
available on what has not been effective in the production of 
quality lap Friction Stir Welds of aluminium and copper 
[6,7,8] in order to understand the process better with a view 
to producing better quality welds. 
Understanding the relationship between the input and 
output processing parameters during welding will provide 
better insight into the weld production and provide valuable 
information towards the production of successful lap welds. 
Input processing parameters that have been shown to 
influence the quality of FS welds include the tool geometry 
[9], tool design [10], tool pin [11], tool shoulder profile [12], 
among others. 
Four major forces act on the welding tool during a typical 
FSW process. These include (i) the vertical force (Fz) acting 
downwards and needed in maintaining the plunge depth; (ii) 
the horizontal force (Fx) acting along the welding direction 
and decreases as the welding operation continues due to the 
softening of the materials being welded; (iii) the lateral force 
(Fy) acting perpendicular to the welding direction and 
usually considered positive towards the advancing side; and 
(iv) the torque (T) acting in the direction of rotation of the 
tool and needed in ensuring the tool rotation. 
The present study is an attempt to establish a relationship 
between the forces acting due to the tool on the metals being 
welded and the integrities of the produced welds during the 
Friction Stir Lap Welds of aluminium and copper. This 
report focuses on understanding the relationship between the 
defects sizes and process parameters. The produced welds 
are characterized using visual inspection, microstructural 
evaluation and the raw machine weld data. 
II. METHOD 
Welding tools with two (2) different tool pin profiles 
were used in the welding of 3mm plates of aluminium and 
copper in the lap welding configuration as shown in Figure 
1. using the Intelligent Stir Welding for Industry and 
Research (I-STIR) Process Development System (PDS) 
FSW Machine by MTS Systems Corporation after the 
surface had been cleaned with acetone to remove impurities. 
The process parameters employed are presented in TABLE I. 
. Tool shoulders of 18 mm diameter and tool pin diameter of 
5mm were used to produce the welds. 
 
 
Figure 1.  The lap weld configuration. 
 
TABLE I.  WELDING PROCESSING PARAMETERS FOR PRODUCING THE WELDS. 
Weld Designation Rotational Speed (rpm) 
Traverse Speed 
(mm/min) 
Weld Pitch 
(mm/rev) 
Plunge 
Depth 
(mm) 
Tool Pin Profile 
A 600 50 0.083 4.5 Conical 
B 600 150 0.25 4.5 Conical 
C 600 250 0.417 4.5 Conical 
D 900 50 0.056 4.5 Conical 
E 900 150 0.167 4.5 Conical 
F 900 250 0.278 4.5 Conical 
G 1200 50 0.042 4.5 Conical 
H 1200 150 0.125 4.5 Conical 
I 1200 250 0.208 4.5 Conical 
1C1 900 50 0.056 4.8 Concave 
2C1 900 150 0.167 4.8 Concave 
3C1 900 250 0.278 4.8 Concave 
1CC1 900 50 0.056 4.8 Conical 
2CC1 900 150 0.167 4.8 Conical 
3CC1 900 250 0.278 4.8 Conical 
The produced welds were physically observed for 
macroscopic and surface defects. The position control mode 
was used for the production of the welds. As such, the forces 
acting on the tool during welding varied during the welding 
operation, depending on the location of the tool. The use of 
position control was necessary in order to maintain the 
position of the tool during welding. The values of the forces 
acting on the tool during welding (including the Vertical 
Force, Fz; Horizontal Force, Fx, Lateral Force, Fy; and 
Torque, T,) were then downloaded from the FSW machine. 
For each weld, the averages of the forces were calculated and 
used as the force for such welds. These were then analysed 
and the results are presented in the next section. 
III. RESULTS 
The surfaces of all the produced welds were observed to 
have good surfaces without the presence of surface defects as 
shown in Figure 2. . However, studies have shown that a 
defect free surface does not indicate that the welds were 
devoid of subsurface defects [13]. For most of the welds, 
minimal or no flash was produced. Thus, most of the parent 
materials were involved in the welding operation instead of 
being lost during the process as flashes. 
 
Figure 2.  Surface appearances of the welds produced at plunge depth of 
4.5 mm and (a) 600 rpm and 150 mm/min; (b) 900 rpm and 50 mm/min; (c) 
1200 rpm and 50 mm/min; (d) 600 rpm and 250 mm/min; (e) 900 rpm and 
250 mm/min; (f) 1200 rpm and 150 mm/min. 
The weld data obtained for one of the welds during 
welding is presented in Figure 3. showing the variation of the 
welding forces during the entire welding operation while 
TABLE II.  presents the data obtained for the average forces 
during welding. 
 
Figure 3.  Fx, Fy and Fz forces during welding at 1200 rpm, 50mm/min 
and 4.5 mm plunge depth. 
TABLE II.  AVERAGE FORCES OBTAINED FOR EACH OF THE PRODUCED 
WELDS. 
Weld 
Designation Fx (kN) Fy (kN) Fz (kN) 
Torque, T 
(kNm) 
A 1.52 1.02 3.73 0.18 
B 2.05 1.28 4.76 9.28 
C 2.39 1.54 4.85 10.07 
D 1.12 0.86 3.52 0.89 
E 1.42 0.91 4.26 4.08 
F 2.14 1.18 4.82 5.51 
G 1.19 0.46 3.33 3.18 
H 1.47 0.52 3.84 0.69 
I 2.03 0.58 4.45 5.00 
1C1 2.40 0.45 4.14 19.53 
2C1 2.78 1.98 4.87 23.67 
3C1 3.13 2.47 6.79 27.63 
1CC1 1.00 0.67 2.94 4.90 
2CC1 3.11 1.24 3.97 26.86 
3CC1 3.28 1.25 5.93 32.65 
As shown in Figure 3. , each of the vertical, horizontal 
and lateral components of the forces vary during the welding 
operation. Since force is a vector quantity, the variations 
obtained for the lateral component, Fy, is more pronounced 
due to the direction of the force and not the magnitude. It is 
yet to be seen whether the magnitude of this force is the 
same in all directions. 
As the rotating tool traverses the weld line, the material 
around the tool is heated, thereby softening it. Once softened, 
the force that is needed to traverse the materials is reduced. 
However, a higher force is needed to traverse the unsoftened 
materials next to the softened materials around the tool. This 
results in the variations experienced for the horizontal force. 
These variations are however not as wide as that of the 
lateral force, Fy. 
Since position control is used, the vertical force required 
to maintain the vertical position of the tool during welding 
varies. As observed from Figure 3. , the initial force is very 
high, due to the resistance that the unsoftened base metals 
produce to the action of the tool. However, as the welding 
operation continues, the tool reaches the pre-determined 
vertical position. At this stage, the only force that is 
vertically required is the force to maintain the position that 
has been attained. As the areas surrounding the tool pin are 
now softened, the resistance that the base metals provide 
becomes reduced. Hence, the variations experienced in the 
vertical force are reduced, compared to the other two forces 
acting on the tool. 
Figure 4. presents the trends of the forces observed on the 
pin for the weld produced at 600 mm/min. 
 
Figure 4.  Fx, Fy and Fz forces during welding at 600 rpm and 4.5 mm 
plunge depth 
As observed from Figure 4. , a general trend is observed 
for the forces acting on the tool during welding. An increase 
in the vertical force is always seen to result in an increase in 
the lateral and horizontal forces, as well as the torque, on the 
tool. Hence, an increase in the vertical force results in an 
increase in the total mechanical force as also observed by 
Vilaça et al. [14]. 
Microstructural evaluations revealed all four 
microstructural zones to be present in the grains of the welds 
as shown in Figure 5. . 
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Figure 5.  Microstructural image of the Welded Aluminium and Copper 
showing a cross section of some of the microstructural zones 
The grain sizes of the produced welds followed the Hall-
Petch relationship on the copper side with increases being 
observed in the grain sizes with increased distance to the 
weld center. However, there is not much difference observed 
within the grains of the aluminium. This is due to the 
aluminium alloy that was used in this present study that has 
undergone age hardening and other manufacturing 
procedures. Hence, only minor deformations were observed 
within the aluminium grains. 
IV. CONCLUSIONS 
The Friction Stir Lap Welding of aluminium and copper 
plates have been made with the aluminium plate on top and 
copper plate below at 900 rpm and 4.5 and 4.8 mm plunge 
depth and presented. Observations of the input and output 
processing parameters reveal a dependence of the horizontal 
and lateral forces and the torque on the vertical component of 
the force on the pin. Grain refinement was also observed 
microstructurally at the HAZ, TMAZ and WZ. 
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